ABSTRACT In this paper, an analytical model has been developed to predict DC characteristics of wide bandgap metal semiconductor field effect transistors (MESFETs). The model evaluates potential distribution inside the channel of the device by dividing the Schottky barrier depletion layer into four distinct regions and predicts I − V characteristics both at the room as well as at elevated temperatures. It also considers selfheating effects caused by the high-drain current and predicts negative output conductance, usually exhibited by wide bandgap MESFETs. The validity of the proposed technique is ensured by applying it on GaN and SiC MESFETs. It has been shown that the developed technique offers ∼ 50% and ∼ 37% improved accuracy in predicting the output characteristics of the device at T = 300 K and T = 500 K, respectively, relative to the best reported model. Thus, the proposed technique can be employed in the device modeling software involving high-power MESFETs.
I. INTRODUCTION
Wide bandgap semiconductors such as SiC/GaN are the preferred semiconductors used to fabricate power electronic devices. They have all the desired properties to fabricate a high quality metal semiconductor field effect transistor (MESFET). They have large energy bandgaps, which facilitate in the high voltage operation; high electron velocity, which enhances the switching frequency, and high thermal conductivity and melting point, which make the devices suitable for operation in high temperature and harsh environments [1] , [2] . Dual metal gate design has suggested a further improvement in the device performance by suppressing short channel effects of the device [3] , [4] .
Due to high power applications and high switching speeds, SiC/GaN MESFETs suffer from self-heating effects because of the variation in the channel conditions [5] , [6] . As the drain current (I DS ) increases, the temperature in the channel also increases and this in turn decreases mobility of carriers [7] . This leads to an overall reduction in the performance of a MESFET [8] . This degradation is further enhanced if the device is subjected to higher ambient temperature. However, in SiC/GaN MESFETs, these effects are relatively lower compared to other commercially used materials such as
The associate editor coordinating the review of this manuscript and approving it for publication was Anand Paul.
Si and GaAs [9] . Hence, SiC/GaN based devices can operate at a relative wider temperature range compared to Si/GaAs devices.
Self-heating effects should be taken into consideration while developing an analytical model; especially for wide bandgap semiconductor MESFETs, because they are primarily meant to operate at high bias and also at high switching speeds. Royet et al. in 2000 [5] developed an analytical model, incorporating self-heating effects, for long channel SiC MESFETs by dividing the gate depletion, underneath the Schottky barrier gate, into two regions: a region representing the depletion before the velocity saturation and the 2 nd region of the depletion after the onset of velocity saturation. They proposed temperature dependent drift velocity using optical phonon coupling, which is difficult for a design engineer to handle.
In 2001, Bose et al. [10] developed an analytical model for GaN MESFETs DC characteristics. In their work, they used Poisson's equation to find the potential distribution across the depletion layer. Using this concept, they calculated the length after which the channel current saturates and eventually they developed an I DS expression for the current flowing through the channel. However, their model did not consider variation in I DS caused by selfheating effects which leads to limited applicability of the model. [11] in 2002 developed a DC model for SiC MESFETs, wherein they divided the Schottky barrier depletion layer into two regions. They hypothesized that in each of the two regions, depletion height has its own distinct boundary conditions and these remain constant throughout the boundary. They calculated the potential distribution inside the channel and proposed an expression for the DC characteristics of the device. Murray et al. however, have not considered variation in the channel conditions associated with self-heating effects; thus, the model is bound to create discrepancy when the device is subjected to harsh operating conditions.
Murray and Roenker
Zhu et al. [12] in 2006 extended the model proposed by Murray et al. by considering the extension of the depletion towards the drain side of the Schottky barrier gate. With the addition of the charges accumulated towards the drain side of the gate, they re-assessed potential distribution inside the channel and found that by ignoring the charge extension towards the un-gated drain side, it is not possible to model the characteristics of the device accurately; especially in the linear region of operation. Although, it is demonstrated that Zhu model is significantly better than Murray model in predicting the DC characteristics of a submicron SiC MESFET but, it is silent as far as self-heating or ambient temperature is concern.
Ahmed et al. [13] in 2017 re-evaluated the potential distribution inside the channel of submicron MESFETs by taking into account three distinct regions of the depletion layer underneath the Schottky barrier gate. They reported that the extension of the depletion layer towards the drain side, for submicron devices, is approximately one fourth of the gate length, L g of the device. They demonstrated an improved accuracy of the modeled DC characteristics of submicron SiC MESFETs in comparison to Zhu model. Since, the model does not accommodate self-heating effects explicitly in its very definition, it would, therefore, bound to generate discrepancy for the devices having negative output conductance because of self-heating effects.
In this paper, an attempt has been made to develop a model to predict I − V characteristics of wide bandgap MESFETs; especially those which exhibit self-heating effects in their output characteristics. This requires an accurate assessment of charge distribution inside the Schottky barrier depletion layer of the device. For this purpose, the depletion layer was distributed into four distinct regions, which facilitated an improved potential assessment inside the channel; leading to the development of an I − V expression for the device output characteristics. Once an I − V expression is established, it is then extended to incorporate self and ambient heating effects. The validity of the proposed model is demonstrated by using a variety of wide bandgap MESFETs.
II. MODEL DEVELOPMENT
An operating MESFET is shown in Fig. 1 . In this figure, Region-I is the extension of the depletion towards the source side of the gate, whilst Region-II describes that part of the gate depletion where carriers are moving below the saturation velocity. The start of Region-III defines a location where channel carriers velocity gets saturated, and this region terminates at the end of the Schottky metal towards the drain side of the gate. And finally, Region-IV represents extension of the depletion towards the drain side caused by both the potentials i.e. V D and V G . The device output characteristics depend upon I DS flowing through the channel under the influence of electric field E, and assuming that a is the epi-layer of the device as shown in Fig. 1 , and h(x) represents height of the depletion layer at any point x under the Schottky barrier gate; such that the available channel for the flow of I DS is [a−h(x)], then one can write [14] 
where q is the electronic charge, W is the width of the device, N is the channel doping density and µ(E) represents field dependent mobility of the channel carriers. An empirical relation, which defines µ(E) is given as [15] , [16] µ(E)
where µ 0 represents low field mobility of carriers and its value shall be taken according to the chosen material of the MESFET either SiC or GaN, v s is the carriers velocity after the onset of current saturation and β is a fitting variable.
In the linear region of operation, I DS of the device increases linearly and its magnitude is dependent upon the bias potentials V D and V G . If we represent the linear region current by I DS(lin) , then it can be expressed as [11] I DS(lin) 
In the above expression, u d and u 0 are unit less quantities, which represent normalized depletion heights towards drain VOLUME 7, 2019 and source side of the device, respectively; and are given by
where V B is the built-in potential of the device; variables h d and h 0 represent depletion layer heights towards drain and source side of the Schottky barrier gate, respectively. Device pinch-off voltage, V P and other variables of above mentioned equations are given as
where s is the relative permittivity of the semiconductor.
On the other hand, assuming that the current saturation in SiC/GaN MESFET is caused by the velocity saturation of the channel carriers, then the saturation current, I DS(sat) can be expressed as [17] 
where γ provides a smooth shift form the linear to the saturation region, and u 1 defines the depletion layer where carriers velocity gets saturated and is expressed as
In Eq. (6) v s shall be taken according to the chosen MESFET material either SiC or GaN to attain corresponding value of I DS(sat) . In Eq. (7), the variable V (L 1 ) defines the potential across the length L 1 underneath the Schottky barrier gate as shown in Fig. 1 and is given by
By using Eqs. (3) and (6), the channel length, L 1 can be evaluated in terms of device and bias parameters as given below [13] 
To evaluate the two dimensional potential distribution of the Schottky barrier depletion as shown in Fig. 1 , Poisson's equation, as given below, can be employed
By changing co-ordinate system as shown in Fig. 1 , i.e. x = x − L g , Eq. (10) can be rewritten as the sum of W x , y = ξ (y) + V (x , y), where
and
Eq. (13) can be solved by employing the separation of variables technique and by using the device boundary conditions given as
where, E s is the saturation E. This gives
First term of Eq. (14) represents the potential of Region-II; whereas, second term of Eq. (14) represents potential drop in Region-III. From Fig. 1 , it is obvious that L 2 = L g − L 1 , therefore, the 2 nd part of Eq. (14) is reduced to
One can see from Fig. 1 that there is no Schottky barrier gate covering Region-IV; resultantly V G will decay exponentially, causing the depletion layer to diminish quickly. Ahmed et al. [13] proposed that the length of Region-IV can be approximated as
In transverse direction, the total potential drop across the Schottky barrier gate will then be equal to the applied potential V D , which can be written as
The combination of Eqs. (8), (15) and (16) forms the following equation
Equation (18) gives potential distribution for all the four regions shown in Fig. 1 . The first term V P u 2 0 of Eq. (18), which is ignored in [13] has been included in this evaluation. Moreover, in [13] self-heating and temperature effects on the device I − V characteristics have not been taken into consideration, which could lead to a discrepancy in the modeled 49704 VOLUME 7, 2019 I − V characteristics. In order to incorporate self and ambient heating effects, assume that R S and R D represent source and drain side resistances of the device, respectively; then drain to source voltage, V DS can be written as
such that
where R C is the contact resistance and L S and L D provide separation between source-gate and drain-gate, respectively. At ambient temperature, T , the thermal resistance, R TH of a MESFET channel is defined as [18] 
where κ represents thermal conductivity of the material involved. R TH defined by Eq. (21) will change the response of the device based on power handled by it. Therefore, it is proposed that the channel resistance, R CH can be written as
where power, P is defined as P = V DS I DS and λ will adjust the device channel geometry. In case there is no current flow, the device will not suffer from self-heating effect, as a result R CH = R TH . With increasing magnitude of I DS , the channel will get heated; resulting into the reduction in carriers mobility due to an increase in R CH , which translates into reduction in I DS . This effect will vary from material to material which is adjusted by using optimized value of λ SiC = 0.13 and λ GaN = 0.27 defined in Eq. (22). Thus, the temperature dependent drain-to-source current, I DST will be the current generated by the device by taking into account self and ambient heating, and it can be represented by the following expression
In Eq. (23), R CH is a dynamic function of the applied bias and its magnitude would be higher for higher values of I DS , which would mean a pronounced negative conductance in the device output characteristics. Output conductance, G DT can be obtained by differentiating Eq. (23), as given below
After making substitution for R CH and differentiating, we have
If ∂I DS /∂V DS = G D , then Eq. (25) is reduced to
Eq. (26) can also be written as
When V DS < V DS(sat) , under these conditions, I DS = I DS(lin) and G D = G DL ; such that
where use of Eqs. (3) and (4) 
To achieve above mentioned expression, Eqs. (5), (6) and (7) are used. By differentiating Eq. (18) w.r.t V DS at constant V GS , and incorporating Eqs. (7) and (9), one can write function
Transconductance, G MT can be expressed in a similar way as that of G DT and the same is given below
By substituting R CH and differentiating with respect to V GS , we get
Considering ∂I DS /∂V GS = G M , Eq. (32) is transformed to
Above expression can also be written as
under these conditions, I DS = I DS(lin)
and G M = G ML ; such that
On the other hand, when V DS ≥ V DS(sat) , this resulted into I DS = I DS(sat) and G M = G MS ; such that
In writing the above expression, use of Eqs. (6), (18) and (30) is made.
III. MODELED CHARACTERISTICS
To ensure the validity of the developed technique, MESFETs of varying L g and W were selected and their DC characteristics were modeled and compared with the experimental data. Table 1 represents physical parameters of the selected devices. The chosen GaN MESFET was fabricated by [19] on a 200 nm thick n-GaN active layer grown using metal organic chemical vapor deposition upon a sapphire substrate. Prior to active layer formation, a 3.6 µm thick undoped buffer layer along with a 25 nm thick nucleation layer was also deposited to improve the quality of the active layer. Devices were fabricated using standard lithography and lift-off processes and the finished device physical dimensions are given in Table 1 .
On the other hand, the detail of chosen SiC MESFET are given in [7] , wherein recessed type devices were realized using heavily doped contact layer upon a moderately doped channel layer. The layer structure including the buffer layers were grown by chemical vapor deposition technique upon a semi-insulating SiC substrate. Devices were fabricated using lift-off process and the physical dimensions of a finished SiC MESSFET along with its electrical parameters are elaborated in Table 1 . Room and high temperature measurements of the finished but unpacked devices were carried out using onwafer direct measurements. By using Eq. (23), the device output characteristics can be plotted, which incorporate both the self-heating as well as the ambient temperature effects on the device performance. The expression does not include the effect of temperature which could be caused by the devices mutual conductance for an integrated circuit. from the experimental data, especially in the saturation region of operation. Moreover, this deviation is more pronounced at higher drain current. Since at higher drain current, selfheating effects are also higher and the model presented in [13] does not consider the self-heating effects in its very development; resultantly there is deviation from the experimental data. It is pertinent to mention here that the performance of the model presented in [13] improves when output conductance of the device, in the saturation region of operation, is either zero or positive. As the model is not designed for negative conductance of the device; thus, it is bound to generate relatively higher errors if the device exhibits negative conductance after the onset of current saturation.
In Fig. 2 , solid lines show characteristics drawn with the proposed modified model. A significant improvement can be seen when compared with [13] . The observed improvement is both in the linear as well as in the saturation region of operation, which is primarily due to the inclusion of self-heating term in the model expression. Table 2 shows bias dependent root mean square (RMS) errors for the proposed model relative to the experimental data. For comparison purposes, errors obtained from the model presented in [13] are also listed. Examining the data of the table, it is obvious that the proposed model has outperformed [13] in all reported values of V GS . And on the average, the proposed model exhibited ∼ 53% improvement in predicting the DC characteristics of a GaN MESFET. Figure 3 shows measured [7] and modeled output characteristics of a 1 µm SiC MESFET at T = 300 K. Once again, it is obvious from the figure that the proposed model performance is significantly better than the model presented in [13] . It is pertinent to mention here that at V GS = 0 V, there is maximum current flowing from the channel; resulting into larger heat dissipation thus, higher negative conductance in the saturation region of operation is seen in Fig. 3 . In conformity to Fig. 2 , there is more discrepancy in this case between the model presented in [13] and the experimental data. This effect is subsequently improved for the cases where less magnitude of I DS is flowing from the channel. Contrary to this, the proposed model provides, in general, improved performance irrespective of the gate bias thus, indicating its ability to predict I − V characteristics of wide bandgap MESFETs designed for power and harsh environment applications, independent of their fabrication material. Furthermore, it is also noted that the model is capable to predict I −V FIGURE 3. Modeled and experimental [7] DC characteristics at T = 300 K of a 1 µm SiC MESFET for V GS = 0 V to −16 V with a step of 4 V. characteristics for the long channel (L g = 1 µm) as well as for the short channel (L g = 0.3 µm) devices, fabricated using wide bandgap material, exhibiting its wider applicability, provided the material properties remain intact. On the other hand, this model may not be fully valid for MESFETs having different physical structure then the one chosen in this research. Because, in that case Poisson's equation solution could be different; leading to a changed potential distribution inside the channel and hence a changed response. Table 3 shows V GS dependent RMS error values, at T = 300 K, for the proposed and Ahmed model for a SiC MESFET whose characteristics are shown in Fig. 3 . It is obvious from the data of the table that the proposed model performance is relatively better than Ahmed model for values of V GS considered for error evaluation. On average, the proposed model achieved ∼ 54% improved performance relative to Ahmed model. Figure 4 shows measured and modeled output characteristics, once again, for the device of Fig. 3 but, at T = 500 K. It is an established fact that at elevated temperature the channel offers increased scattering, which reduces the mobility and also the saturation velocity of the carriers; resulting into reduced I DS . This fact is evident from the I −V characteristics of Fig. 4 . Examining the plots of Fig. 3 and 4 simultaneously, it is evident that by increasing the temperature from T = 300 K to T = 500 K, the magnitude of I DS reduces to almost 50%. Since the device current is reduced, the negative conductance in the saturation region of operation, as discussed before, also reduces. It has been observed earlier that at relatively lower current, there is an improvement in the performance of Ahmed model and the same is reflected by the characteristics shown in Fig. 4 . An improved performance by Ahmed model at T = 500 K relative to T = 300 K cannot be associated with the model expression, because the model expression does not take into account the ambient temperature as a variable. Rather, this improvement is due to the lowering of I DS , which also lowered the negative output conductance of the device, especially, at V GS = 0 V. Thus, reducing the gap between the modeled and observed output characteristics. This fact is also evident from the data of Table 3 , where the gap between observed RMS errors for the proposed and the model presented in [13] evaluated at T = 500 K is relatively lower and the average RMS error for the proposed model shows ∼ 37% improvement, which is lower than the earlier two reported values.
Eq. (27) is valid for the entire range of V DS bias and a plot of G DT as a function of V DS with V GS as a variable is shown in Fig. 5 . It can be seen from the figure that the modeled characteristics show a reasonable compliance to the experimental data. According to our conservative estimate, there is no reported model for SiC/GaN MESFETs, which can predict the negative G D of the device, especially, in the saturation region of operation. The proposed model has the ability to give both negative as well as positive values of G D with reasonable accuracy. Table 4 shows RMS error values of the two competing models for a 0.3 µm GaN MESFET, whose I − V characteristics are shown in Fig. 2 . It is obvious from the outcome presented in Table 4 that at medium gate bias (V GS = −3 to − 5 V), the performance of the model presented in [13] is better than the proposed model, however, the proposed model, in general, offers improved performance, as evident from the data of Table 4 , and on the average, its performance is ∼ 25% better than Ahmed model. Figures 6 and 7 show experimental and modeled G D of a 1 µm SiC MESFET at T = 300 K and T = 500 K, respectively. Both the figures are once again validating the proposed Eq. (27) representing drain conductance (G DT ) of wide bandgap MESFETs, both at room as well as at elevated temperature of operation. Table 5 represents RMS error values for the two temperatures under discussion. Average observed improvement relative to Ahmed model is ∼ 21% and ∼ 9% at T = 300 K and T = 500 K, respectively. This demonstrates that the improvement offered by the proposed model is device and ambient dependent. However, in general, the proposed model is relatively better than the best reported analytical model for wide bandgap MESFETs. It is pertinent to mention here that though Ahmed model does not incorporate temperature dependent variable to adjust negative conductance in the saturation region of operation yet it adjusts the value of G DT at T = 500 K by adjusting the variable γ , which appears in its definition. A plot of Eq. (34) for L g = 1 µm SiC MESFET is shown in Fig. 8 , at T = 300 K (solid symbols) and T = 500 K (open symbols). In the figure, V DS = 5 V curves show response of the device in the linear region of operation; whereas, V DS = 35 V curves indicate the device G MT for the saturation region of operation for the two temperatures under consideration. Examination of the figure clearly reveals that at T = 500 K, the G M of the device is deteriorated, which could primarily be associated with the reduction in I DST at elevated temperature.
An interesting feature, which can be noted from the plot of Fig. 8 is, that at T = 300 K, the profile of G M responses (solid symbols) are not identical for linear and saturation VOLUME 7, 2019 region of operations. In the saturation region, the G M profile gives a plateau for certain V GS and then it approaches to zero, indicating that available channel crossection for the flow of carriers is diminishing with increasing magnitude of V GS . On the other hand, in the linear region, where the carriers velocity is less than υ s , the observed peak indicates that for such bias, V GS ≈ −10 V, the channel performs relatively better than other V GS values. Table 6 shows RMS error values, once again, for the two models under discussion. It is obvious from the average data of the table, that the proposed model offers a ∼ 67% improvement at T = 300 K and this value is ∼ 32% at T = 500. This data clearly show that the proposed model exhibits a significant improvement in predicting G MT of a wide bandgap MESFET.
IV. CONCLUSION
An improved analytical model for wide bandgap power MESFETs is proposed to predict output and transfer characteristics. The proposed modified model incorporates negative conductance in the saturation region of operation caused by the device self-heating and harsh ambient environment where these devices are normally operated. It has been demonstrated that the proposed model can predict output characteristics even for submicron MESFETs with a good degree of accuracy. A comparative analysis showed that the developed technique offers ∼ 50% and ∼ 37% improvement in predicting the output characteristics of wide bandgap MESFETs at T = 300 K and T = 500 K, respectively, relative to the best reported model in the literature. Based on the developed I −V expression, device output conductance and transconductance were also modeled. It has been shown that the proposed technique can model the device output conductance for the entire range of its operation, both at room as well as at elevated temperature with an improved accuracy. Thus, the proposed technique could be useful in assessing the temperature dependent characteristics of wide bandgap MESFETs, meant for high temperature operation.
